Enterotoxigenic Escherichia coli (ETEC) strains are leading causes of childhood diarrhea in developing countries. Adhesion is the first step in pathogenesis of ETEC infections and ETEC pili designated colonization factor antigens (CFAs) are believed to be important in the biofim formation, colonization and host cell adhesions. As a first step, we have determined the biofilm capability of ETEC expressing various types of pili (CFA/I, CfaE-R181A mutant/ CfaE tip mutant, CFA/II and CS2). Further, enzyme-linked immunosorbent assay (ELISA) assay were developed to compare the binding specificity of CFA/I, CFA/II (CS1 -CS3) and CS2 of ETEC, using extracted pili and piliated bacteria. CFA/II strain (E24377a) as well as extracted pili exhibited significantly higher binding both in biofilm and ELISA assays compared to non piliated wild type E24377a, CFA/I and CS2 strains. This indicates that co-expression of two or more CS2 in same strain is more efficient in increasing adherence. Significant decrease in binding specificity of DH5αF'lacI q /∆cotD (CS2) strain and MC4100/pEU2124 (CfaE-R181A) mutant strain indicated the important contribution of tip proteins in adherence assays. However, CS2 tip mutant strain (DH5αF'lacI q /pEU5881) showed that this specific residue may not be important as adhesions in these strains. In summary, our data suggest that pili, their minor subunits are important for biofilm formation and adherence mechanisms. Overall, the functional reactivity of strains co expressing various antigens, particularly minor subunit antigen observed in this study suggest that fewer antibodies may be required to elicit immunity to ETEC expressing a wider array of related pili.
INTRODUCTION
Enterotoxigenic Escherichia coli (ETEC) are leading causes of diarrhea in children living in developing countries and the most common cause of traveler's diarrhea (4) . pilus assembly initiation (24) . Modeling of CFA/I has placed the CfaB subunits in a recurring interaction pattern with the tip protein at the end acting as an adhesion, resulting in a helical structure (19) . While conflicting data exists supporting a role for CfaB and/or CfaE in mediating specific target cell binding, convincing results from recent studies indicate CfaE as critical binding subunit. In vitro studies of CFA/I fimbriae expressed in DH5α suggested CfaE mediated haemagglutination. When CFA/I was expressed in DH5α with a single-amino-acid mutation R181A in CfaE resulted in haemagglutination without affecting pilus assembly (24) .
Hemagglutination has also been proven useful in the determination of the colonization factor (CF) carbohydrate receptor specificity. The CF and the receptor molecules act as logical targets for inhibiting the interaction between pathogen and host cell. Thus, the use of CF, CF analogs, receptors, or receptor analogs could prevent adherence of pathogens (26).
Alternatively, antibody to CF could prevent the initial attachment to the host cell. The resulted in no effect on bovine haemagglutination. Further, to investigate whether minor pilin subunit of CS2 pili may contribute amino acid residues to a combined pilin receptorbinding site, we generated a self complimented CotD using the same strategy described for CfaE and CfaB from the CFA/I system (21). Our aim was to compare its binding specificity to bovine erythrocytes compared to purified CS2 pili. However, work is in progress in our lab to express it in stable, naturallyfolded form and compare its binding specificity with that of purified CS2 pili.
MATERIALS AND METHODS

Bacterial strains and growth conditions
ETEC K12 strains MC4100, MC4100/pJGX15W Plasmids used in this study are listed in Table1. 
Antisera
Rabbit anti CFA/I pili antibody was custom made by immunizing a rabbit (Millipore Corporation, Millipore)with crude CFA/I pili extracted from MC4100/pJGX15W (cfaABCE). Nonspecific antibodies were removed by adsorption with sonicated MC4100/pJGX15W. Antisera against CS2 pili was available from previous studies in the lab.
Biofilm assay in microtitre plates
Biofilm formation of ETEC strains was monitored 
Extraction of pili, SDS-PAGE gel electrophoresis and
Immunoblotting CS2 pili from 18 h old LB cultures of DH5αF'lacI q /pEU588, CFA/I from MC4100/pJGX15W (cfaABCE), MC4100/pEU2124
(cfaABCE1) and CFA/II from E24377A were extracted using the method as described previously ( Sakellaris et al.24) . Crude pili preparations from the extraction steps and normalized whole-cell lysates or heat extract were separated by SDS-PAGE gels.
Samples of 10 μl were loaded on a 15% SDS polyacrylamide gel and electrophoresed at 160 V. Immunoblotting was carried out using polyclonal anti CS2 or anti CFA/I antibody at a dilution of 1:1,000 and goat anti-rabbit immunoglobulin G whole molecule 
Site directed mutagenesis of CotD
Site-directed mutagenesis of changing Arg-181 of CotD to Ala was performed with the template plasmid pEU588, and mutagenic primers (HSP213F, 236R). Plasmid pEU588 was digested with DpnI and purified using PCR purification kit (Roche Diagnostic, Germany), self ligated and transformed to DH5αF'lacI q . The presence of R181A mutation was confirmed by nucleotide sequencing of the entire CotD gene and of the region surrounding the directed mutation for R181 allele. Primers used are listed in Table 2 . DH5αF'lacI q following methods as described previously (24) .
Sequencing of entire DH5αF'lacI q /dsc19CfaE(His)6 was done to confirm the correct construction.
The strains expressing His6-tagged CotD was grown in LB medium with Cm 50 at 37°C to late logarithmic phase (OD 600 =0. 
RESULTS
Biofilm formation studies
The biofilm-forming capacity of ETEC strains was assessed The ability of purified pili and piliated bacteria to bound with bovine erythrocytes and asialo-GM 1 was studied in microtiter plate assay. Both pili and bacteria bound to erythrocytes and asialo-GM 1 in a dose-dependent manner (Figure 2a, b) . We found that wild-type E24377a bound abundantly to bovine erythrocytes and asialo-GM 1. In contrast, non significant difference in binding capacity of MC4100/pJGX15W and DH5αF'lacI q /pEU588 was observed at OD 600 =5. However, highly significant decrease in binding capacity of DH5αF'lacI q /pEU588 was observed at OD 600 =2.5.
Binding assay of purified fimbriae and fimbriated bacteria with asialo-GM 1 indicated binding in a concentration dependent manner with maximum binding observed at 30 μgml -1 in E24377a. DH5αF'lacI q /pEU588 and crude pili of this strain exhibited the lowest binding capacity (Figure 3a, b) .
Together, this data strongly suggest that the carbohydrate residues of glycolipids may be the binding site for piliated bacteria. 
DISCUSSION
This study was undertaken to obtain insights into adherence mechanisms of ETEC strains. In ETEC, cell surface structures such as fimbriae/pili have been shown to be necessary for initial colonization on biotic and abiotic surfaces resulting in well-established biofilms (6) . In our study, all tested strains produced maximum biofilm after 60 hours. This Adhesions of enterotoxigenic E. coli and CfaE-R181A mutant may be due to greater production of glycocalyx in these strains in biofilm mode (14) . Also significantly higher biofilm production by E24377a compared to MC4100/pJGX15W and DH5aF'lacI q /pEU588 may be related to presence of two antigenic types (i.e., CS1 and CS3), hence contributing towards greater adherence and or/glycocalyx production. Also significantly high biofilm produced by piliated and recombinant piliated strains may be due to the fact that piliated E. coli organisms are more hydrophobic compared to their nonpiliated counterparts (14) . The fact that biofilm formation and adherence was observed in mutant/tip mutant indicates that other adhesins may act simultaneously or at distinct steps of the adherence process (18) . Also this study provides corroborative evidence that in contrast to CS1 and CFA/I, R181A mutation in CotD of CS2 is not necessary for receptor binding moiety.
In conclusion, it is clear that pili are important structures in adhesion by ETEC strains. Several questions about the assembly of these unusual covalently linked structures remain to be addressed. Efforts have been made in this study to study pili role in vitro using recombinant pilin subunits and strains.
In vitro adhesion studies using bovine erythrocytes and asailoGM1 have clarified the role of the pili in these processes and strengthen the rationale for using pilus proteins as vaccine
components. An additional advantage suggested by the functional reactivity of minor subunit antigen is that fewer antibodies may be required to elicit immunity to ETEC
